Abstract-We present here a novel architecture of highgain continuous transverse stub (CTS) antenna array operating at E-band (71-86 GHz) with reduced sidelobe level (SLL). The antenna consists of an array of 16 long slots excited by a nonuniform parallel-plate waveguide (PPW) corporate feed network. The nonuniform excitation is achieved by the design of asymmetrical power dividers in PPW technology, for which simple analytical models are provided. Full-wave simulations are validated by measurements of a prototype fabricated in aluminum. The SLL is lower than −28 dB in the E-plane. Such an SLL is 15 dB lower than classical parallel-fed CTS arrays. The overall antenna SLL remains below −18 dB over the 75-86 GHz band. Its mean radiation efficiency is 60%, and the maximum efficiency of 85% is reached at 86 GHz.
I. INTRODUCTION
T HE saturation of the frequency spectrum and the need for higher data rates has led to a migration of current data services (e.g., mobile networks and space communications) toward millimeter-wave frequencies. However, at higher frequencies, the fabrication tolerances are more severe, and the material loss increases; therefore, reaching high antenna efficiency becomes an issue. In particular, the feed networks of printed antennas, such as patch arrays or substrate-integratedwaveguide (SIW) antennas, are too dissipative to be considered for high gain applications at millimeter-wave frequencies [1] . Similarly, dielectric lenses are often quite lossy above 30 GHz (see [2] - [4] ).
Purely hollow metallic solutions are preferred to reach good efficiency. Reflector antennas can easily achieve a high gain over a wide frequency band with a good efficiency; however, their size makes it difficult to use them in a discrete fashion [5] . Slotted rectangular waveguide (RW) antennas [6] are low-loss antennas, but they may suffer from a dispersive behavior, and their bandwidth might be limited [7] . Slotted cavity arrays fed by a corporate feed network (CFN) in RW technology, combine both a high gain and a relatively broadband operation, up to 15% [8] - [10] . However, the various stages of the corporate networks are generally based on aperture coupling elements (e.g., slots). Such an element may limit the maximum frequency of operation due to fabrication constraints. Besides, corporate networks in RW technology are very demanding in terms of fabrication accuracy. For example, perfect electrical contact should be assured among the various stages (with an immediate drawback in terms of cost and feasibility), although gap waveguides techniques allow circumventing this issue [11] . In this context, continuous transverse stub (CTS) antennas are an attractive solution for high-gain wideband applications [12] . They consist of an array of long slots fed by a parallel-plate waveguide (PPW) CFN operating with the nondispersive transverse electric magnetic (TEM) mode. The true-time delay excitation combined with the TEM mode operation ensure a very wide band, theoretically wider than a decade [12] , [13] . A long line current distribution is required for the excitation of such a structure. This is generally achieved by using a pillbox system [15] exciting the CFN. Such a feeding scheme preserves the low profile feature and wideband capability of the CTS array. In addition, beam steering capability can be achieved [16] . This combination of performance, unique to these antennas, makes them very appealing for various applications (see [16] - [18] ).
However, to the best of the authors' knowledge, all parallel-fed CTS antennas presented in the open literature use a uniform CFN based on symmetrical PPW T-junctions. This unavoidably leads to a sidelobe level (SLL) of −13.5 dB in the E-plane, which is not acceptable for many telecommunication applications. We present here a novel parallel-fed CTS architecture providing, for the first time, reduced SLLs in the array plane (E-plane). This is achieved by imposing an illumination tapering over the slot array along this plane. This paper is organized as follows. Section II discusses the design of the CFN according to the targeted power distribution over the array. This feed network is based on nonuniform PPW power dividers whose operation and design are presented in Section III. The overall antenna structure is detailed in Section IV. Section V describes the fabrication and assembly of the prototype and provides a successful comparison between full-wave results and measurements. Finally, conclusions are drawn in Section VI. 
II. ANTENNA ARCHITECTURE AND PREDIMENSIONING
A 3-D view of the antenna architecture is represented in Fig. 1 . The radiating part is a CTS array with 16 radiating slots. The CFN consists of PPW power dividers, with two outputs, distributed over four power division levels. The pillbox system is placed underneath and is excited by a standard WR12 waveguide. A right-angle bend is adapted to feed the antenna from the bottom. Apart from the WR12 waveguide and the focal horn, the whole antenna is designed with PPWs sized to support only the propagation of the TEM mode. The antenna is fabricated in aluminum to reduce losses.
The slot array is depicted in Fig. 2 . The number of slots has been selected to reduce fabrication complexity while keeping a high gain. Note that the same concept and technology could be applied to much larger arrays, with 32 or 64 slots. The slot periodicity c is set to 0.4λ (where λ = 3.82 mm is the wavelength in free space at 78.5 GHz), to avoid the appearance of grating lobes. The total length a of the array equals 24.3 mm (Fig. 2) .
A Gaussian tapering of the power along the radiating aperture [ Fig. 3(a) , dotted line] is adapted to reduce the SLL [19] . The selected power division is represented in Fig. 3(a) (solid line). An array factor approach was used to estimate the effect of the discretization of the power distribution over the aperture. The radiation patterns computed with these two Table I ).
power distributions are represented in Fig. 3(b) . Fig. 3(b) shows that the discretization has a marginal effect on the radiation pattern. Theoretically, the antenna should provide a full half-power beamwidth (HPBW) of 11 • and an SLL lower than −35 dB at 78.5 GHz.
The power division ratio of each power divider (i.e., the ratio between the two output powers) can be calculated from Fig. 3(a) . To be more precise, Fig. 4 represents how the input power is distributed among the four division stages of the PPW feed network. The four dividers are labeled Di (i = 1, . . . , 4). The last division stage is made of equal power dividers D4, whose geometry is more compact than nonuniform power dividers, in order to be compatible with the slot array periodicity (see Fig. 2 ). The divider of the first division stage D1 is also uniform to ensure symmetry of the power distribution over the entire array, as plotted in Fig. 3(a) . The two central stages are composed of nonuniform power dividers D2 and D3. The ratio of the power supported by each 2-slot subarray to the total input power (presented in Fig. 4 ) is computed as the mean value of the perfect Gaussian distribution over the subarray area [shown in Fig. 3(a) ], normalized to the total radiated power. The division ratio of each power divider, thus, corresponds to the ratio of its output powers. Here, the desired power tapering (Fig. 3 ) yields to an identical division ratio (0.14) for the divider of the second stage and the outer divider of the third stage; as a result, the same geometry is used (D2). Note that applying this design procedure to other array configurations may lead to different division ratios.
In total, only two nonuniform power dividers, D2 and D3, are to be designed for the implementation of the nonuniform CFN. Their power division ratios are 0.14 and 0.56, respectively. In this contribution, a Gaussian tapering is adopted. However, other solutions may be envisaged such as a classical Taylor tapering [20] . For example, Table I provides the comparison between a Gaussian and Taylor tapering in terms of division ratios to achieve an SLL of −35 dB. The impact, on the overall radiation pattern, of discretizing the Gaussian function with the array of slots is described in Fig. 3(b) . Fig. 3 (b) confirms that such a discretization has a limited effect on the radiation pattern. The main lobe is not affected at all. The high-order side lobes and nulls are slightly shifted but their levels are identical. A discrepancy between the ideal and discretized distribution is noticed around ±90 • . Nonetheless, the level of the side lobe is very low (below −36 dB). Exciting each radiating slot with an amplitude equal to the ideal Gaussian distribution would lead to a much more complex antenna architecture requiring asymmetrical power dividers in the last division stage. In such a case, apart from the side lobes around ±90 • (below −36 dB), the other SLLs would not be significantly reduced. Moreover, applying the same approach to larger arrays (32 or 64 slots) would have an even more limited impact on the antenna radiation patterns.
III. ASYMMETRICAL POWER DIVIDERS IN PPW TECHNOLOGY A. Geometry and Operation
The geometry and dimensions of a nonuniform PPW power divider are shown in Fig. 5 . Power division is realized by splitting the input PPW into two output PPWs of different heights k and l, with the division ratio being theoretically equal to the ratio of the output PPW heights [21] .
The thickness of the septum between the two output ports of the power divider (referred to as m in Fig. 5 ) strongly affects its performance in terms of input matching. Therefore, such a thickness must be as small as possible. Here, for operation Geometry (as shown in the E-plane) and dimensions of the nonuniform power dividers D2 and D3.
in the E-band, it is set to the minimum thickness possible with the selected fabrication technology, namely, 0.2 mm. The heights of the PPWs at the bifurcation level (k and l in Fig. 5 ) have been chosen to reduce losses and at the same time ease fabrication; large heights will reduce losses and are less sensitive to potential fabrication errors. All angles (θ 1 -θ 4 in Fig. 5 ) are calculated to fulfill the following requirements.
1) The electrical path lengths between the input port and each output port are equal to ensure uniform phase distribution among the radiating slots of the CTS array.
2) The heights of the input (n) and output ( j ) PPWs are equal to facilitate their cascade in the CFN. 3) The spacing i between the output PPWs equals 3.06 mm, which corresponds to twice the array slot periodicity, in order to easily fit in the third division stage. These requirements can be easily met using the equations reported in the Appendix. The final dimensions obtained for D2 and D3 are shown in Fig. 5 .
B. Lumped-Element Circuit Model and Performance
A simple circuit model was developed to ease the design procedure of the power divider. The structure is approximated by a cascade of several building blocks: linearly tapered lines, PPW bends, and a bifurcation with a nonzero thickness septum. The two former geometries have already been analyzed in [21] . The bifurcation with a nonzero thickness septum has been studied in [22] , and the authors provided an analysis applicable for any number of outputs. Here, the specific case of a two-output divider is used.
The bifurcation is seen as a cascade of a perfect junction (with a zero thickness septum) followed by a one-step reduction of one of the output PPW heights, as illustrated in Fig. 6(a) . The equivalent circuits for both parts (perfect junction and PPW step reduction) can be found in [21] , and the formula used to calculate the equivalent capacitance C is reported in the Appendix. If the distance p between these parts tends towards 0, this model is equivalent to a nonzero thickness septum bifurcation. The resulting lumped element circuit can then be simplified to the one presented in Fig. 6(b) .
The scattering matrix of the nonuniform power divider is obtained by cascading the ABCD matrix of each building block. The scattering parameters of power divider D3 computed using full-wave simulations [23] and the equivalent circuit model are represented in Fig. 7 . We can observe a very good agreement between the two sets of results. The phase imbalance between both output ports (not represented here for the sake of brevity) is smaller than 10 • (λ/36). Similar results have been obtained for D2. The difference in input reflection coefficients between the circuit model and fullwave simulations is attributed to uncounted reactive effects occurring at the transition between the input tapered line and the bifurcation septum. It is worth mentioning that such differences are in line with the error of the adopted circuit model in the order of 5% [21] .
IV. ANTENNA DESIGN
In this section, the design and simulation results of the main building blocks are presented, as well as the simulated final antenna results. All simulations have been carried out using ANSYS HFSS [23] . Metal losses are taken into account (σ = 3.8×10 7 S ·m −1 for aluminum blocks and 2×10 6 S ·m −1 for steel). 
A. CTS Slot Array and Corporate Feed Network
The CTS array and its CFN are represented in Fig. 8 (crosssectional view in the E-plane). All the input and output PPWs of each building block have a height of 1 mm (0.26λ at 78.5 GHz). The CFN was designed starting from the radiating slots to the input PPW of the antenna according to the procedural steps described below.
1) A two-step matching section is used below each radiating slot to match the active impedance of the array [13] . 2) A symmetrical geometry is used for the power dividers D4 due to space limitations. 3) D2 and D3 dividers are placed right below the D4 junctions. 4) Right angle bends are necessary to connect the two lower division stages. They are realized with a 45 • chamfer. 5) The first power divider D1 is a classical T-junction followed by two matching sections at each output. Two right angle bends are used for its connection to the other division stages. The input reflection coefficient of the whole feed network (shown in Fig. 9 ) is lower than −15 dB in E-band (71-86 GHz) and does not exceed −10 dB from 60 to 95GHz, corresponding to a 45% −10-dB bandwidth. The amplitude and phase distributions over the array at 78.5 GHz are depicted in Fig. 10 . The target amplitude distribution over the array is properly achieved. The maximum phase difference between the slots over the target frequency band (71-86 GHz) is lower than 20 • (corresponding to a physical path length difference of only 14 μm). This 20 • phase error occurs at the extreme slots of the array with low radiating power, and therefore, has no impact on the radiation patterns (see Section IV-C).
B. Pillbox System
A pillbox system (Fig. 11) has been selected to excite the CFN. Its fabrication with classical milling is very challenging since the two stacked PPWs (Fig. 11) consist of very thin hollow cavities, separated by a metal sheet containing the coupling slots [14] , [16] . The major fabrication constraint is to keep a constant separation between both parallel plates over the large dimensions of the cavities. The central metallic plate, being very thin, can easily bend. It is worth mentioning that a dielectric spacer could be integrated into the structure. However, the goal here is to achieve a very efficient antenna solution, and therefore, additional dielectric losses were avoided. In the present case, the PPW heights are set to 0.5 mm, and the central plate thickness is 125 μm to ensure a good flatness [as depicted in Fig. 11(b) ]. Moreover, the latter is fabricated in steel in order to improve its mechanical rigidity, at the expense of a reduced conductivity (2 × 10 6 S · m −1 ) compared to Aluminum (σ = 3.8 × 10 7 S · m −1 ).
The numerical tool presented in [17] was used to set the focal length F, the parabola diameter D, and the focal horn aperture A in order to minimize the SLL in H-plane. The final geometrical dimensions are equal to 20, 30, and 12.5 mm, respectively (Fig. 11) . The procedure described in [14] is followed for the design of the quasi-optical system. The edge tapering of the pillbox system is lower than −15 dB in the overall band. Finally, 45 • reflectors are placed on both sides of the focal horn to reduce spurious reflected power coming from the quasi-optical system. Such reflected power corresponds to less than 5% of the input power coming from the source. The residual power is then radiated in free space at the edges of the system, which are left open. Such a solution reduces the risk of possible interferences and resonances in the lower PPW and therefore leads to lower side lobes in H-plane. This solution is preferred to the integration of dummy ports or absorbing materials since it does not require any additional components and fabrication steps.
The input reflection coefficient for the simulated pillbox system is lower than −20 dB from 71 to 86 GHz and remains below −10 dB from 64 to 115 GHz (corresponding to a 57% fractional bandwidth). The SLL in the H-plane of the radiated field remains below −24 dB over the same bandwidth. This low SLL value originates from the low edge illumination level of the parabola (−15 dB).
C. Overall Antenna Simulation Results
The overall antenna system was simulated with ANSYS HFSS [23] .
The input reflection coefficient is depicted in Fig. 12 . The antenna is matched below −12 dB over the full E-band (71-86 GHz) and below −10 dB from 65 to 97 GHz (40% fractional bandwidth). The radiation patterns in the E-and H-planes are shown in Fig. 13(a) and (b) at central and extreme frequencies of the target band. In the E-plane, thanks to the nonuniform CFN, the SLL is lower than −29 dB over the whole frequency band. The SLL remains below −23 dB in the H-plane due to the chosen edge tapering of the pillbox transition. The simulated gain, plotted in Fig. 14,   Fig. 15 . 3-D view of the fabricated prototype. 
V. FABRICATION AND EXPERIMENTAL RESULTS

A. Fabrication Techniques
The antenna was fabricated in metal using milling and electro-erosion techniques. All pieces were made in aluminum (3.8 × 10 7 S · m −1 ) except the pillbox central plate which is in steel (2 × 10 6 S · m −1 ) for better mechanical stability. The fabrication accuracy is about 10 μm. Only screws and dowels are used for assembly. The final size of the prototype is 50.7 × 38 × 20.5 mm 3 , as shown in Fig. 15 .
The assembly technique of the radiating slots and the CFN is similar to the one proposed in [16] and [17] . An exploded view of the procedure is shown in Fig. 16 . The minimum PPW height throughout the CFN is 0.125 mm, which can be easily realized using this fabrication and assembly procedure.
To avoid discontinuity, and thus, losses for the TEM mode supported by the pillbox system, the parabolic reflector was realized in a single aluminum block. The metallic plate with the coupling slot was then shaped, as shown in Fig. 16(a) . Quarter-wavelength chokes were also used to improve the electrical contact between the different aluminum blocks [see Fig. 16(b) ].
The selected antenna assembly only requires simple aluminum blocks to be manufactured and guarantees good mechanical robustness as well as reduced metallic losses.
B. Experimental Results
The fabricated prototype has been characterized at Institut d'Électronique et de Télécommunications de Rennes (IETR), Rennes, France, using a compact antenna test range operating with a WR10 interface. A waveguide transition WR12 to WR10 was used for measurements. Therefore, due to the WR10 interface, the measurements are not calibrated below 75 GHz, and they are only presented for the 75-86 GHz band.
The measured radiation patterns are compared to the simulated ones in E-plane [ Fig. 17(a)-(c) ] and H-plane [ Fig. 17(d)-(f) ]. In the E-plane, a very good agreement is observed between measurements and simulations: the main lobes match perfectly, and the SLL is lower than −28 dB Fig. 18 . Radiation patterns in the E-plane at 78.5 GHz: measured results (blue solid curve) and theoretical results from a nondiscretized Gaussian distribution [red dotted curve, Fig. 3(b) ].
over the full band. This level is more than 15 dB lower than previously presented parallel-fed CTS antennas [16] - [18] . The comparison between the measured pattern and the one expected from the perfect Gaussian repartition (see Section II) is provided in Fig. 18 . A very good agreement is observed again for the main lobe. The SLL is lower than −30 dB. These results validate the design of the nonuniform CFN architecture and the reliability of the employed fabrication techniques.
In the H-plane, a good agreement is obtained for the main lobe, even though the SLL is higher than expected. However, it still remains below −18 dB from 75 to 86 GHz. Specific simulations confirmed that the difference in SLL along the H-plane is caused by an 80 μm misalignment between the pillbox central plate [depicted in Figs. 11(b) and 16(b) ] and the parabolic reflector. This creates an unexpected long (a) Comparison between the simulated (red dotted curve) and measured (blue solid curve) directivity, and (b) gain comparison between the simulated gain for ideal mechanical assembly (red dotted curve), simulated gain with misalignments at the 90 • input bend and pillbox levels (green dashed curve) and measured gain (blue solid curve).
coupling slot connecting the two PPWs along the parabolic reflector, affecting the operation of the multislot coupler. The overall antenna SLL remains lower than −18 dB in any plane from 75 to 86 GHz.
The measured input reflection coefficient is reported in Fig. 19 . It remains below −10 dB between 76 and 86 GHz. The higher input reflections as compared to the simulated results are mainly caused by the previously mentioned 80 μm shift of the pillbox central plate and a misalignment (in the order of 70 μm) between the pieces composing the input 90 • bend. This is confirmed in Fig. 20(b) , where a good agreement is observed between measured gain and simulated gain, accounting for the misalignments (green dash curve). This assumption is strengthened by the excellent agreement between the simulated and measured radiation patterns in the E-plane, ensuring that no significant mismatch occurs in the CFN and CTS array.
The measured directivity and gain are provided in Fig. 20(a) and (b) , respectively. Once again, only the results are provided in W-band since the measurement setup is considered calibrated above 75 GHz. The measured results are in good agreement with simulations, with an average difference between the measured and simulated directivity of 0.5 dB. The measured gain shows additional losses with respect to the simulated one, as reported in Fig. 20(b) . The additional losses are mainly caused by the 80 μm shift between the pillbox central plate and the reflector and a 70 μm misalignment at the input 90 • bend level. More specifically, Fig. 20(b) shows the computed gain considering misalignments at the pillbox reflector and the input bend (green dashed curve). In this case, a good agreement can be observed between the measured and simulated gains. The remaining losses (less than 1 dB on average) are attributed to additional metallic losses caused by the surface roughness (not considered in the simulations). The overall antenna radiation efficiency is plotted in Fig. 21 . It varies between 25% and 85%, with a mean efficiency of 60%. The radiation efficiency reduction at lower frequencies is caused by misalignments occurring at the pillbox coupler and input bend levels. Nevertheless, these results are above the state-of-the-art for parallel-fed CTS antennas operating above 60 GHz [17] , [18] . Note that the measured the E-plane radiation patterns (exclusively shaped by the nonuniform CFN and the CTS array) are in excellent agreement with simulations (Fig. 17) . On the other hand, the measured H-plane patterns (exclusively shaped by the pillbox system) slightly differ from the simulated results (Fig. 17) . This is caused by the 80 μm shift between the pillbox central plate and the reflector. We can conclude that the proposed nonuniform CFN and CTS array are perfectly functioning and do not contribute significantly to the antenna efficiency reduction.
The power budget defined in the design at the central frequency (78.5 GHz) is provided in Table II. TABLE II OVERALL ANTENNA POWER BUDGET AT 78.5 GHZ The misalignments at the reflector and input 90 • bend levels could be relaxed by feeding the antenna from the side instead of from the back as done here (this choice was made to ease its experimental characterization in the anechoic chamber).
VI. CONCLUSION
An innovative CTS array of long slots fed by a quasi-optical system is proposed at the E-band. For the first time, a novel nonuniform CFN is used to illuminate the array of slots. The SLL is then controlled in the E-plane, while the SLL level in the H-plane is tuned by properly selecting the edge tapering of the pillbox transition. The CFN relies on a new geometry of nonuniform power dividers in PPW technology, for which a lumped-element circuit model has been provided and successfully validated by full-wave simulations. An elaborated assembly was employed to ease the antenna fabrication using milling and electro-erosion of metal pieces. In the simulation, the antenna performance is excellent: it covers a frequency band from 71 to 86 GHz with a gain greater than 24 dBi and side lobes lower than −29 dB in the E-plane and −23 dB in the H-plane. Moreover, the antenna could cover a broader band since it is matched below −10 dB from 65 to 97 GHz (40% fractional bandwidth). Measurements of a fabricated prototype confirm the numerical results. In the E-plane, the SLL is lower than −28 dB over the target frequency band (71-86 GHz). The antenna SLL remains below −18 dB in H-plane in the entire E-band. The gain is fairly constant from 76 to 86 GHz with a maximum of 24.6 dBi. Using other assembly procedures or metal-only fabrication technologies (additive technologies, diffusion bonding) in order to avoid the misalignments and air gaps at the input bend and pillbox coupler levels could further result in a substantial overall antenna efficiency improvement.
This antenna proposes a unique combination of a low profile, a high gain, a broad bandwidth, and a reduced SLL, which could be further combined with a beam scanning capability. This solution offers a low-profile alternative to reflector and lens antennas for high gain applications such as next-generation mobile cellular networks. Applying this technique to larger arrays becomes even more advantageous. As an example, adding two nonuniform division stages in order to excite a 64-slot array would increase the total antenna height by only 11 mm (since each nonuniform division stage used in the proposed antenna design has a total height of 5.5 mm). The total antenna height would then be about 32 mm, and the 64-slot array would be almost 100 mm long. A lens-or reflector-based antenna with the same profile would have an F/D ratio (focal distance over lens/reflector diameter) of 0.32, whereas typical values of F/D ratios are in the order of 0.8 for lens/reflector antennas, clearly showing the advantages of the proposed structure [24] .
APPENDIX
The PPW angles for the nonuniform power divider outputs (represented in Fig. 5 ) can be obtained using the following formulas:
The capacitance C of Fig. 6 can be calculated as follows (for the complete calculation, refer to [21] ):
